We investigate the impact of charged-current neutrino processes on the formation and evolution of neutrino spectra in simulations of core-collapse supernovae and the deleptonization of proto-neutron stars. We systematically discuss the impact of weak magnetism corrections on νe andνe spectra. Furthermore, we explore the role of the inverse neutron decay, also known as the direct Urca process, on the emitted spectra ofνe. This process is commonly considered in cold neutron stars but has so far been neglected in the evolution of hot proto-neutron stars. We find that the inverse neutron decay becomes the dominating opacity source for low-energyνe at timescales of a few seconds. Accurate three-flavor Boltzmann neutrino transport enables us to relate the magnitude of neutrino fluxes and spectra to details of the treatment of weak processes. This allows us to quantify the corresponding impact on the conditions relevant for the nucleosynthesis in the neutrino-driven wind ejected from the proto-neutron star surface, during the deleptonization phase.
I. INTRODUCTION
In this paper we study the emission of neutrinos from newly-born proto-neutron stars (PNSs), and in particular, the effects of opacities from weak processes on this emission. A PNS forms in the event of a core-collapse supernova, when the collapsing stellar core of a massive star bounces back at supra-saturation density. A hydrodynamics shock forms, which initially propagates quickly to large radii on the order of 100 km, where it stalls due to various losses and turns into an accretion front. The revival of this stalled shock results in the supernova explosion and the subsequent ejection of the stellar mantle. Therefore, the liberation of energy via neutrinos is considered one of the standard scenarios [1] , besides the magneto-rotational [2] and acoustic mechanisms [3] as well as driven by a high-density phase transition [4, 5] (see also Refs. [6] [7] [8] for recent reviews on core-collapse supernovae). Being initially hot and lepton rich, the PNS contains all gravitational binding energy gain of the collapsed stellar core. This energy is emitted mainly in the form of neutrinos on a timescale on the order of 10-30 s, once the supernova explosion proceeds.
Shortly afterwards the onset of the supernova explosion, the PNS enters the deleptonization phase. It is determined by the diffusion of neutrinos of all flavors from high densities. They decouple from matter at their spheres of last scattering outside of which neutrinos are free-streaming and become a potentially observable signal [9] [10] [11] . The PNS deleptonization phase has long * fischer@ift.uni.wroc.pl been studied [12, 13] , with the commonly employed diffusion approximation for neutrino transport within the hydro-static approach. Only recently it has been explored in radiation-hydrodynamics simulations that employed accurate three-flavor Boltzmann neutrino transport [14, 15] . The authors followed the entire evolution consistently, i.e. starting from stellar core collapse and through core bounce, supernova explosion and PNS deleptonization. Since the currently operating and future planned generation of neutrino detectors are capable of detecting thousands of events from the next Galactic event [16, 17] , it is of paramount interest to predict accurate neutrino luminosities and spectra. Of primary focus is therefore the development of models that consider the leading weak processes and their implementation consistent with the description of the nuclear medium [18] [19] [20] . At the mean field level, these relate to medium modifications for the charged-current reactions. They depend on the nuclear equation of state (EoS), in particular on the nuclear symmetry energy and its density dependence [21] . The symmetry energy has been shown to affect the deleptonization timescale of the PNS [22] .
The large neutrino luminosities during the PNS cooling phase are responsible for the production of an outflow of matter known as the neutrino-driven wind that has long been studied as a possible site for the nucleosynthesis of heavy elements [23, 24] . The proton-to-nucleon ratio, or equivalent the electron fraction Y e , of the neutrinodriven wind depends sensitively on the spectral difference betweenν e and ν e [25] , requiring accurate predictions of these spectra. Here, we evaluate the impact on the spectra of the well known weak magnetism and recoil corrections [26] . Furthermore, we consider the impact of the inverse neutron decay that so far has never been considered during the evolution of PNSs. Previous simulations by us [27] that neglected weak magnetism corrections showed slightly neutron rich conditions (Y e ∼ 0.46) during the early neutrino-driven wind phase, t 2 s, and proton-rich ejecta at later times. We find that weak magnetism corrections systematically increases the Y e of the ejecta at all times. In addition, Y e is further increased at times later than ∼ 1 s due to the inclusion of the inverse neutron decay channel. These results disfavor any r-process nucleosynthesis in neutrino driven winds and only allow for the occurrence of the νp process.
The paper is organized as follows. Sec. II presents basic expressions for the treatment of neutrino opacities and in particular for neutron decay and its inverse reaction. In section III, we present supernova simulations with particular focus on the impact of weak magnetism corrections and nucleon recoil contributions as well as the inclusion of the neutron decay channel, on the formation and evolution of the neutrino fluxes and spectra. The relevance for the nucleosynthesis of the neutrino-driven wind is discussed in section V. The manuscript closes with a summary in section VI.
II. CHARGED-CURRENT PROCESSES AND INVERSE NEUTRON DECAY OPACITY
Let us consider a generic charged-current process
where ν 1 denotes a neutrino (antineutrino), B 2 a neutron (proton), l 3 an electron (positron) and B 4 a proton (neutron). Assuming non-relativistic nucleons the opacity or inverse mean-free path for the process above is given by [18, 20] :
with Fermi constant G F , up-and down-quark entry of the Cabibbo-Kobayashi-Maskawa matrix V ud , vector and axial-vector coupling constants (g V , g A ), as well as θ being the angle between neutrino and lepton. Note that the baryon (B 2 , B 4 ) and the lepton (l 3 ) contributions enter via their corresponding thermal equilibrium Fermi distributions, f i = (exp{β(E − µ i )} + 1) −1 , with the inverse temperature β = 1/T . Moreover, the functions S V and S A are the vector and axial response functions that depend on the energy transfer to the nuclear medium, q 0 = E 1 − E 3 = E 4 − E 2 , and the magnitude of the momentum transfer, q = |p 1 −p 3 | = |p 4 −p 2 |. The equations of state commonly used in core-collapse supernova simulations treat neutrons and protons as non-interacting quasi-particles that move in a mean-field single particle potential, U , that depends on temperature, density and Y e . In the non-relativistic limit we have the following energy momentum dispersion relation:
with Landau effective masses m * i given by the EoS. For the neutron-rich conditions around the neutrinospheres the mean-field potentials for protons and neutrons can be very different, on the order of tens of MeV, with the relative difference ∆U = U n − U p directly related to the nuclear symmetry energy [28] which has a strong density dependence. Under these assumptions the structure functions S V = S A = S 24 are given by [18] 
(4) For the dispersion relation (3) the integral in equation (4) can be evaluated exactly [18] . An approximate expression can be obtained assuming that in the reaction the momentum of the nucleon is unchanged. In this so-called elastic approximation the response function becomes [18] 
where n i denote the number density of particle species i and ϕ i are related to the chemical potential (2) we obtain,
with
. Let us first consider ν e absorption on neutrons. At low neutrino energies such that E e < µ e , the opacity is suppressed by final state blocking and behaves as follows,
with △m * = m Forν e , there is no final state blocking for the positron. The main effect of the mean-field correction ∆U is to suppress the opacity for antineutrino energies Eν e < m e + ∆m * + ∆U . For typical conditions around thē ν e sphere of last scattering it corresponds to Eν e 10 MeV. Including inelastic contributions to the response function will result in a non-zero opacity at energies lower than the above threshold. However, its value is strongly suppressed as seen in Fig. 1 . This behavior has been related to the frustrated kinematics due to energymomentum conservation restrictions on single-particle interactions (1) [20] . The authors explored the role of the random-phase approximation (RPA) correlations and reactions with two nucleons in the initial-and final state (e.g. ν e +n+n → n+p+e − andν e +p+n → n+n+e + ), which results in small corrections. These reactions are generalizations of the modified-Urca processes that are the main source of neutrino production in cold neutron stars [29, 30] . For such conditions the neutron decay n → p+ e − + ν e , being part of the direct URCA process, is suppressed whenever the proton faction Y p < x c with x c = 1/9 if muons are neglected and x c ≃ 0.148 if they are considered [31, 32] . This is not the case for PNS evolution due to the much larger temperature and Y e values. We discuss this aspect in the following.
We can generalize the rate expression (2) to describe theν e -opacity for the inverse neutron decay,ν e +e − +p → n. Neglecting the dependence on the angle between the leptons we obtain the following relation,
Eν e +pe |Eν e −pe| dqqS pn (E e + Eν e , q) .
It is interesting to compare this expression with the neutrino emissivity for the reaction e
Eν e +pe |Eν e −pe|
We expect very similar numerical values for both quantities due to the fact that both processes depend on the same response function and involve similar energy transfer, q 0 ≈ ∆m * + ∆U . Using the detailed balance relation χ(E νe ) = e β(Eν e −µ eq νe ) j(E νe ), with µ eq νe = −µ eq νe = µ e − (µ n − µ p ), we obtain for the opacity of ν e + n → p + e − ,
Eν e +pe |Eν e −pe| dqqS pn (E e − E νe , q).
Comparing equations (9) and (11) we see that independently of the detailed treatment of the nuclear medium the opacities for ν e absorption and inverse neutron decay are intimately related. For low (anti)neutrino energies the following approximate relation between the opacity for ν e absorption and neutron decay is valid,
Using the elastic approximation (5) for the response function we obtain for inverse neutron decay,
with E e = ∆m * + ∆U − Eν e . Fig. 1 compares the opacities for the different processes for typical conditions near the neutrinosphere forν e .
III. SUPERNOVA MODEL
Our core-collapse supernova model, AGILE-BOLTZTRAN, is based on spherically symmetric and general relativistic neutrino radiation hydrodynamics with angle-and energy-dependent three flavor Boltzmann neutrino transport [36] [37] [38] . The implicit method for solving the hydrodynamics equations and the Boltzmann equation on an adaptive Lagrangian mesh has been compared with other methods, e.g., with the multi-group flux limited diffusion approximation [39] and the variable Eddington factor technique [40] .
Here we employ the nuclear EOS from Ref. [41] . It is based on the relativistic mean-field (RMF) framework for homogeneous nuclear matter with the RMF parametrization DD2 [42] henceforth denoted as HS(DD2). Moreover nuclei are treated within the modified nuclear statistical equilibrium approach for several 1000 nuclear species based on tabulated and partly calculated masses. It is part of the comprehensive multi-purpose EOS catalogue COMPOSE [43] . In addition, lepton and photon contributions are added based on the EOS from Ref. [44] .
The set of weak reactions considered is listed in Table I . For the weak processes with nucleons for both chargedcurrent absorption (reactions (1) and (2) in Table I ) as well as for neutral current scattering (reaction (5) in Table I), we employ the elastic approximation [46] . For the (1) and (2) of Table I , at selected conditions (temperature T = 7 MeV, density ρ = 2 × 10 13 g cm −3 , electron fraction Ye = 0.05). Note that both treatments take into account medium modifications at the mean-field level, characterized by Un − Up. Theνe opacity from the inverse neutron decay in the elastic approximation is shown as well (blue dashed line) together with N -N -bremsstrahlung [33] (black dotted line) assuming µ νe(νe) = ±µ eq νe . Note that medium modifications for N -N -bremsstrahlung, which suppress the neutrino-pair emission and absorption rate with increasing density [34, 35] , are not taken into account here.
consistent treatment of nuclear EoS and charged-current absorption processes (1) and (2) of Table I , medium modifications are take into account at the mean-field level [18] based on the nuclear EOS HS(DD2). They determine spectral differences between ν e andν e [19, 20, 53] . We include recoil and weak magnetism corrections following Ref. [26] . These corrections have been determined for conditions relevant to neutrino-wind ejecta where the initial nucleon can be assumed at rest and final state blocking can be neglected. It remains to be demonstrated that they remain valid for the high density/temperature conditions at which neutrinos decouple. Nevertheless, they have become standard in core-collapse supernova simulations [54] . Weak-magnetism corrections enter the elastic rate expressions for charged current absorption reactions (1) and (2) in Table I as well as for neutral current scattering reaction (5) in Table I via separate multiplicative factors for neutrinos and antineutrinos, which depend on neutrino energy. While recoil correc- 
tions are known to reduce similarly the ν e andν e opacity, weak magnetism corrections increase slightly the opacity for neutrinos and strongly reduce that of antineutrinos. Both effects have been commonly included in corecollapse supernova simulations [40] . They were also included in simulations of the PNS deleptonization [15] . Note that contributions due to strange quark contents are not taken into account [55] nor virial corrections to neutrino-nucleon scattering [56] . [57] ). Here we show the elastic approximation according to expression (7) (red lines) as well as including modifications to the opacity from weak magnetism and inelastic contributions [26] (green lines). In Fig. 1 we can identify the suppression of theν e -opacity for reaction (2) in Table I at low neutrino energies discussed in the previous section. Current supernova models, which do not consider the neutron decay, produce low energyν e by N -N -bremsstrahlung and down-scattering of high energy neutrinos by nucleons and electrons. The former process is relatively inefficient due to final state blocking of trapped ν e . Fig 1 shows that the neutron decay (blue dash-dotted line) can in fact be the dominating production channel for low energy neutrinos. 
IV. PNS EVOLUTION
In this section results from spherically symmetric supernova simulations will be discussed. The simulations are launched from the 11.2 M ⊙ pre-collapse progenitor of Ref. [58] . It was evolved consistently through all phases prior to the supernova explosion onset. Here we consider three models, (I) reference case with elastic rates and no neutron decay channel (red lines), (II) elastic rates with corrections from weak magnetism and recoil contributions [26] but without neutron decay (green lines), and (III) the same as (II) but including the neutron decay channel (blue lines). In the following we will compare results form these three simulations.
A. Accretion phase -prior to explosion onset
The early post-bounce evolution during the accretion phase prior to the explosion onset is illustrated in the left panels of side the thick layer of low-density material accumulated at the PNS surface, after the ν e -deleptonization burst has been launched (upper left panel in Fig. 2 ). This burst is associated with the bounce shock propagation across the ν e sphere of last last scattering (see Fig. 3 ). During the subsequent evolution the electron (anti)neutrino luminosities are powered by accretion which generally exceed those of each heavy lepton flavor neutrino. The latter decouple at generally higher density due to the absence of charged-current absorption reactions. The different coupling strength to matter is also reflected in the clear hierarchy of their average energies during the accretion phase, Eν µ/τ > E ν µ/τ > Eν e > E νe (see Ref. [59] and the left panels in Fig. 2 ). The inclusion of recoil and weak magnetism corrections increases spectral differences between neutrinos and antineutrinos as the latter escape more easily from the PNS due to their lower opacity (see Fig. 2 ). This becomes significant also for the heavy lepton flavor neutrinos which decouple at higher densities where these corrections are larger [60] . However it leaves no impact on the supernova dynamics, for which we show the shock evolution during the accretion phase in the left panel of Fig. 3 together with the evolution of the neutrinospheres for ν e andν e . The results reported here comparing simulations with and without corrections due to recoil and weak magnetism are in qualitative agreement with previous studies [15, 61, 62] .
Including the neutron decay channel in addition (simulation setup III) we do not find any significant differences from setup II (note that all lines in Fig. 2 comparing sim- ulation setup II and III lie on top of each other). The differences are negligible since the (inverse) neutron decay contributes mainly at neutrino energies E ν < ∆U +∆m * . In the region ofν e decoupling the matter density is low during the accretion phase and hence the medium modifications remain small.
B. PNS deleptonization
In order to study the PNS deleptonization phase, i.e. after the explosion onset in terms of the revival of the stalled bounce shock, we trigger the explosion by artificially enhancing the neutrino heating via reactions (1) and (2) in Table I . After a short period of shock stalling, this results in the slow but continuous expansion of the bounce shock to increasingly larger radii (left panel in Fig. 3) , with the launch of the explosion onset at around t = 0.12 s post bounce. The explosion shock reaches radii around 1000 km at about t = 0.3 s post bounce. Once the explosion proceeds we switch back to the standard rates. The evolution of the supernova shock during the PNS deleptonization is shown in the right panel of Fig. 3 . This method has been employed previously [14, 19] and compares well with other artificially neutrino-driven explosion methods [63, 64] . Fig. 4 illustrates the subsequent evolution of the PNSs comparing the three simulation setups under investigation at selected times. The associated evolution of the neutrino luminosities and average energies is shown in the right panel of Fig. 2 . Largest differences are obtained comparing simulations with setup I and setup II, where the inclusion of weak magnetism and recoil corrections reduces theν e opacity and theν e -spheres move to higher density (see Fig. 5 ) resulting in higher average energies. The same phenomenon applies forν µ/τ , however, from neutral-current scattering on nucleons only since there are no charged-current reactions for heavy-lepton flavor neutrinos considered.
In order to quantify the impact of weak magnetism and recoil contributions, Fig. 5 shows the density dependence of the opacity for all neutrino flavors, separated into elastic scattering on neutrons and protons (upper panel of Fig. 5 ) and inelastic processes (lower panel of 5 it becomes clear that the ν e and ν µ/τ are not affected by the inclusion of weak magnetism and recoil; the opacity reduction due to weak magnetism and recoil is negligible for neutrinos. Note that without weak magnetism and recoil corrections to theνN scattering opacity, the location of theν e , ν µ/τ andν µ/τ spheres of last elastic scattering coincide and their spectral differences are only due to inelastic scattering on electrons/positrons, as well as the charged-current absorption forν e . Now, the situation changes for antineutrinos. Theν e andν µ/τ opacity suppressions due to weak magnetism and recoil corrections results in the shift of the neutrinospheres to higher densities, and temperatures accordingly. This leads to the enhancement of their average energies, as observed in Fig. 2 . This is the first time that the enhancement of the average energies ofν e andν µ/τ due to weak magnetism and recoil contributions is quantified. It has been predicted in Ref. [26] and observed in supernova simulations reported in Refs. [19, 65, 66] . During the long-term evolution of the PNS deleptonization, the weak-magnetism neutrino opacity suppressions ofν e andν µ/τ reduce as their average energies decrease due to efficient thermalization via inelastic (down-)scattering on electrons and positrons. Consequently, the neutrino spectra ofν e and µ/τ -(anti)neutrinos become increasingly similar during the later PNS deleptonization (see Fig. 2 ).
The inclusion of the neutron decay channel enhances the totalν e absorption opacity substantially at low energies (see Fig. 1 ). Theν e charged-current absorption opacity in the bottom panel of Fig. 5 contains both reaction channels, absorption on protons and the inverse neutron decay. Note the dip in the charged-current absorptionν e opacity in the density range between a few times 10 13 g cm −3 and a few times 10 14 g cm −3 , which is due to the medium modifications discussed above in sec. II (see also Refs. [19, 20, 27] ). With the inclusion of the neutron-decay channel, the aforementioned medium-dependent suppression of theν e -opacity is lifted in the very same density range (see the inlay in the bottom panel of Fig. 5 forν e ) . The associated rise of the charged-current opacity forν e causes a slight reduction of theν e average energies (see Fig: 2 ) during the period of the PNS deleptonization when the medium modifications play a role for theν e opacity. The associated shift of the neutrinospheres to somewhat lower density and temperature is in accordance with the slight reduction of the averageν e energy (see Fig. 2 ). Towards later times, thē ν e -opacity becomes dominated by other weak processes. The charged-current processes become less relevant for theν e -decoupling, and the influence of the inverse neutron decay also ceases.
V. EJECTA AND REMNANT PROPERTIES
The material at the PNS surface is subject to neutrino heating, mainly via reactions (1) and (2) in Table I , during the entire deleptonization phase. This leads to the subsequent ejection of the neutrino driven wind, which is the site for the nucleosynthesis of heavy elements beyond the iron group. The mass ejected in the neutrino driven wind is given in Table II for all models together with the remnant mass of the PNS at the end of the simulations. Here we distinguish baryon (M B ) and gravitational (M G ) masses. Note that the primary nucleosynthesis takes place during the early neutrino driven wind phase when most mass is ejected.
Independent from details of the explosion mechanism is the PNS evolution during deleptonization and consequently also the nucleosynthesis of the neutrino driven wind. The nucleosynthesis conditions of the neutrino driven wind are entirely determined from the neutrino fluxes and energies as well as their evolution during the PNS deleptonization [25] . In particular the equilibrium Y e [25] ,
with the following reaction rates for the weak processes (1) and (2) in Table I ,
λν e n = Lν e Wν e 4πr 2 σ 0 εν e − 2∆ +
assuming a vacuum cross sections for ν e andν e absorption on neutrons and protons, σ 0 (E ν ± ∆) 2 , with ∆ being the neutron to proton mass difference and σ 0 = 9.838 × 10 44 cm 2 MeV −2 . W νe ≈ 1 + 1.01 E νe /(m n ), Wν e ≈ 1 − 7.22 Eν e /(m n ) are the weak-magnetism corrections to the cross section for neutrino and antineutrino absorption [26] . ε ν = E 2 ν / E ν is the ratio between second moment of the (anti)neutrino spectrum and the average neutrino energy.
The condition for having neutron-rich ejecta, λν e p > λ νen , can be rewritten as a relation for the energy differ-ence between ν e andν e :
where terms of oder ∆ 2 have been neglected. Otherwise the ejecta are proton-rich. Combining Eqs. (14) , (17) which is illustrated in Fig. 6 based on the different simulation setups discussed above. Note that in the case without weak magnetism, we have W νe = Wν e = 1.
From expressions (17) and with the values of ε ν , L ν and E ν obtained for the simulation with setup I (see Fig. 2 ) the asymptotic Y e indeed gives a slightly neutronrich wind during the early phase (see Fig. 6 ). It corresponds to the phase with largest spectral differences between ν e andν e , which in turn are due to the medium effects via modified Q-values (Q 0 ±△U , see sec. III above for details) for the charged current reactions (1) and (2) in Table I (for details, c.f. Refs. [19, 20, 67] ). They mainly suppress theν e -absorption opacity at low energies which shifts the averageν e energy to higher values. The degree of neutron excess depends on the nuclear equation of state. Towards later times when the spectral differences are reduced condition (16) cannot be matched any more and material turns proton rich. Now, the inclusion of weak magnetism corrections as well as nucleon recoil, enhances the spectral differences between ν e andν e slightly (see Fig. 2 ). Naively, one would expect the neutron excess to increase during the early neutrino driven wind phase. However, this is not the case (setup II in Fig. 6 ). The neutron excess actually decreases because the modifications due to weak magnetism must also be applied to the reactions determining Y e , i.e. W νe = 1 and Wν e = 1 in Eq. (17) , which results in the reduction of theν e cross section by about 70%. The reaction (2) in Table I , more precisely the inverse process, is consequently less efficient to maintain the moderately low Y e and material more readily turns proton rich (see Fig. 6 ). With the inclusion of the inverse neutron decay as additional source of opacity forν e , the situation becomes even worse as the spectral difference betweenν e and ν e is reduced (see Fig. 2 ). Hence, only a tiny neutron excess corresponding to Y e ≃ 0.495 can be maintained during the very early neutrino driven wind phase (see Fig. 6 ). This demonstrates how sensitive the nucleosynthesis conditions are to small spectral changes from modifications of the neutrino opacity.
VI. SUMMARY
In this study we have explored a novel source of opacity in the charged-current absorption channel forν e due to the inverse neutron decay. This process is enabled only due to medium modifications since the neutron and proton Fermi energies can be very different under supernova conditions. The medium modifications are treated at the mean-field level based on the nuclear RMF EoS, in a similar fashion for all charged-current absorption weak processes. The reaction rate for the (inverse)neutron decay is included in our spherically symmetric core collapse supernova model AGILE-BOLTZTRAN. Unlike in previous studies [19, 27] we include inelastic contributions and weak magnetism corrections for electronic charged -current absorption reactions and for the neutral-current nucleon scattering following Ref. [26] . These are known to influence the neutrino signal already during the mass accretion phase of core-collapse supernovae prior to the onset of the explosion. These corrections generally enhance theν cross sections which results in a slight increase of the corresponding luminosities and average energies [40] . During the accretion phase, however, the inclusion of the (inverse)neutron decay leaves a negligible impact on the neutrino signal as well as on the dynamical evolution. This is associated with the physics of neutrino emission and heating/cooling, in other words neutrino decoupling, which is located in the thick layer of lowdensity material accumulated at the PNS surface during the accretion phase. There the medium modifications for the charged-current absorption processes are generally negligible, and hence the (inverse)neutron decay is suppressed. The situation changes with the onset of the supernova explosion, when the stalled bounce shock is revived and moves to increasingly large radii. The subsequent evolution of the PNS is determined by the diffusion of neutrinos of all flavors and the consequent deleptonization of the PNS. During the first few 100 ms of the PNS deleptonization the thick layer of accumulated material at the PNS surface falls into the steep gravitational potential as mass accretion vanishes at the PNS surface. Consequently the neutrino fluxes are no longer determined by mass accretion but instead by diffusion. Neutrinos of all flavors decouple at generally higher density and temperature. In particular,ν e which become increasingly similar to the heavy-lepton flavor neutrinos. Their decoupling from matter is dominantly determined by neutral-current elastic scattering on neutrons, while charged-current absorption on neutrons dominates the ν e -opacity. Here the (inverse) neutron decay is enabled in theν e -decoupling region due to the increased medium modifications at higher densities. However, the impact remains small on the overall integrated neutrino observables due to the overall small opacity for charged-current absorption processes forν e . In fact the inelastic processes are even dominated by scattering on electrons and positrons, similar to the heavy-lepton flavor neutrinos.
Larger differences are found from the inclusion of inelastic contributions and weak magnetism corrections, similar to the mass accretion phase with slightly enhanced antineutrino average energies. This has important consequences for the nucleosynthesis conditions. Despite the increased spectral differences between ν e and ν e , slightly less neutron-rich conditions are found for the neutrino-driven wind, which is attributed to the reduced ratio Wν e /W νe for the reactions determine Y e in the wind. This turns slightly neutron-rich material (Y e ≃ 0.485) -reported in previous studies [27] including the medium modifications -to the proton-rich side (Y e > 0.5) even during the early PNS deleptonization phase (t ∼ 3 s). The further reduction of these spectral differences due to the inclusion of the (inverse) neutron decay further increases Y e . This will have important consequences for the nucleosynthesis of heavy elements beyond iron in the neutrino-driven wind, which depends sensitively on the proton-to-baryon ratio. Further progress will require the inclusion of a full treatment of weak magnetism and correlations [68] [69] [70] as well as muonic weak processes [66] .
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